A model for simulating the decrease in albedo of melting prairie snow covers is presented. Its application for calculating net radiation and establishing the time of melt is demonstrated. It is expected the routine will find use in operational systems for synthesizing and forecasting streamflow runoff from snowmelt.
Introduction
The mean reflectance or albedo of a snow surface, generally expressed as the ratio of the reflected to incident shortwave fluxes, governs the amount of radiant energy absorbed by a snow cover. Thus, it directly affects the amount of net radiation received, which has been shown to be a dominant flux affecting snowmelt on the Prairies (O'Neill 1972; Granger 1977; Granger and Male 1978; Male and Granger 1979) . Recently, Gray and Landine (1986) reported that estimates of daily net radiation to shallow snow covers during periods of melt can be obtained from a linear regression with the net shortwave flux. The net shortwave flux (Q,,) can be calculated from the incident flux (Q,) and the albedo (A) by the expression Q,, = Q,( 1 -A).
Measurements of global radiation are routinely made at many network climatological stations and models for estimating the parameter from the clear-sky insolation or the extraterrestrial flux and sunshine hours are available (see, for example, List 1968; Gamier and Ohmura 1970; de Jong 1973) . Hence, quantitative knowledge of changes in albedo of seasonal snow covers, particularly during melt, would enhance the application of the energy equation for calculating melt quantities.
Numerous studies have shown that the reflective characteristics of snow vary widely depending on such factors as wetness, impurity content, particle size, surface roughness, and the spectral composition and direction of the radiation (see Mellor 1966; Kondratyev 1969; Manz 1974) . The albedo of a dry, clean, new snow is often in the range of 80-90% and decreases with time, owing to metamorphic processes. For shallow snow covers in open grassland regions the most rapid and largest decrease occurs during melt. O'Neill and Gray (1973) reported on an extensive study of the spatial and temporal variations of the albedo of shallow prairie snow covers. Several findings of their work are pertinent to the current study, namely the following:
(1) The space series of albedo exhibited a small variance during the winter months. During melt, the variance increased almost 10-fold and then decreased as the land became snow free.
(2) During the melt-free period the albedo rarely fell below 70% and frequently exceeded 80% as a result of "new" snowfall; during melt the albedo decreased at an accelerated rate until the ground was snow free.
(3) Not only the percent of snow-covered area per se but also the depth of snow cover is an important factor controlling albedo, and the normal metamorphic processes may play a secondary role.
The above observations demonstrate that the depletion rate varies with time of vear and the occurrence of melt and snow events and they embhasize the importance of the underlying ground and patchy snow cover on albedo changes. The last two factors cause the shape of the depletion curve to differ from that for a deep, mountainous snowpack. Solar energy that penetrates to the ground surface and is absorbed may be returned to the snow by conduction or by long-wave emission and thus accelerate melt. However, because the attenuation of radiation by a snow cover depends on numerous factors such as particle size, density, structure, wetness, foreign matter content, and wavelength it is not possible to specify an exact depth below which the ground influences the energetics of a snow cover. Giddings and LaChapelle (1961) found the relfectivity of snow for Gdiation with a wavelength of 0.6 pm becomes relatively independent of depth when the snow depth exceeds 10-20 mm; O'Neill (1972) suggested the underlying ground becomes important when the snow depth is less than 60-80 mm; and Kung et al. (1 964) found a marked change in the ratio of the surface albedo of a snow cover to that of bare ground for depths of snow less than approximately 130 mm.
Also, in open grassland regions the extent of snow-covered area, which also affects the ablation process, depends on depth.
This paper outlines the development of an albedo model for shallow snow covers of open grassland regions. It is intended the model would be used primarily to assist in calculating melt rates and the time of melt in operational systems used for forecasting peak streamflow rates from snowmelt. Hence, a major emphasis has been placed on the requirements that the routine be simple and capable of accepting measured, forecasted, or computed climatological parameters as input. The melt events examined were restricted to those years in which very few melt-freeze events occurred during the winter months.
Model formulation

Albedo depletion
The study makes use of observations of the atmospheric radiation field made at the Bad Lake Climatological Station during the period 1972-1985, inclusive. This station is located in the semiarid grassland region of Saskatchewan in western Canada (latitude 51.32"N, longitude 108.42"W). Point estimates of albedo were calculated from measurements of incoming and reflected shortwave radiation with Kipp solarimeters spaced about 2 m apart. Spatial estimates were obtained from measurements of reflected energy taken with a beam radiometer mounted in the bottom of an aircraft (O'Neill and Gray 1973) . The field of view of the sensor was approximately 6 ha. Net radiation was measured with a Funk (Middleton) radiometer.
An examination of the albedo-depletion curves for the period from February 1 to the disappearance of the seasonal snow cover showed that the major changes in the average rate of decrease could be associated with three periods (see Fig. 1 ).
Premelt
The period extending from February 1 to the start of active melt. When the effects of light snow showers are ignored, the albedo tends to decrease at a relatively slow constant rate, owing to metamorphic processes. Rates of depletion in the range of 0.004 -0.009ld were measured, with an average of 0.0061ld.
Melt
During melt the decrease in albedo is accelerated by changes to the optical properties of the snow cover caused by meltwater, the effects of radiation penetrating to the ground surface, the development of patchy snow cover, and other factors. Under continuous ablation the shape of the curve is "Ogee" and the snow cover normally disappears in 4-7 days. The transition periods at the beginning and end of melt are usually short, spanning 1-2 days. However, as discussed later in the paper, the length of transition from "premelt" to "melt" appears to be influenced by the depth of snow cover.
N E T S H O R T W A V E R
Examination of the albedo-depletion curves for 12 continuous melt events, which included data from four aerial flights, showed that the albedo at any time A(t) could be approximated by the expression in which Ai = albedo of the snow cover at the start of melt and t = number of days following the start of continuous depletion.
Postmelt
After disappearance of the seasonal snow cover the albedo of the ground surface remains relatively constant at a value of 0.17, unless increased by a late-occuning snow. Gray and Landine (1986) found these snow covers ablated more rapidly than did the seasonal cover, usually in 2 -4 days. They suggest the decrease can be approximated by the expression The points discussed above form the basis of the "prairie" albedo model.
Time of melt
Implementation of the model requires an initial value for albedo in late winter (e.g., February I), which, in the absence of new snow, usually falls in the range of 0.60-0.70 (average equal to 0.66). Note the disappearance of a snow cover is fixed by the day the albedo takes on the value for the ground surface.
To establish the start of melt it was assumed that in most years radiation is the dominant source of energy and the initiation of melt could be indexed by the day the net radiation flux became positive and remained positive for several days. In years with extended periods of cold weather and complete snow cover, daily net radiation during premelt is usually negative or takes on small positive values, because diurnal fluxes of global radiation are small and nocturnal long-wave losses are large. Figure 2 shows daily net radiation (QN) plotted against net shortwave radiation (Q,,) for the premelt and melt and postmelt periods. During premelt the QN-values are small and poorly associated with Q,, (Fig. 2a) , during melt and postmelt the two variables show a strong association (correlation coefficient equal to 0.91) (Fig. 26) . Tables 1 and 2 list the Julian day the net radiative flux (QN) tumed positive and the corresponding day the albedo (A) started to deplete during continuous and interrupted melt sequences. The data in Table 1 are for shallow snow covers 8 (initial depth r 25 cm) and those in Table 2 , for deep snow covers (initial depth > 25 cm). Note, the snow depth is the mean calculated from observations made on a snow course located adjacent to the radiometers. The selection of 25 cm to differentiate shallow and deep snow covers was arbitrary and based on visual observations of the shapes of the snow-cover depth and albedo-depletion curves near the start of melt. It was observed in deep snow covers that the rate of decrease in albedo increased slightly during the "transition" from "premelt" to "melt" to an average value of 0.015/d and the occurrence of accelerated, rapid depletion was delayed until the depth had decreased to about 25 cm and the albedo to approximately 0.65. The findings are consistent with the results reported by Kuz'min (1972) which show a slower decrease in albedo per unit decrease in depth occumng prior to rapid, continuous ablation in snow covers deeper than 30-40 cm. Table 1 shows agreement between the start of depletion in A and the occurrence of a positive QN within -1 to +4 days for shallow snow covers; if 1976 were excluded the agreement would be within 3 days. It can also be noted that the decrease in A may either be in advance of or lag the day QN becomes positive. These findings suggest that in most years QN can be used to index the time a shallow snow cover begins to melt. Exceptions to this general pattern occur when the positive fluxes of QN are small and the mean ambient air temperature is significantly above or below freezing. Such a case occurred in 1984 when the decrease in albedo lagged the occurrence of the positive QN by 5 days because the daily maximum air temperatures during the period were 0°C or below, with lows reaching -14 "C . Under these temperatures the sensible energy flux and the internal energy content of the snow cover would take on large negative values. The finding points out the need to include a "threshold" air temperature in the modelling scheme. Table 2 lists data for deep snow covers (>25 cm) and it is evident that the range in the differences between the times of occurrence of a decrease in A and a positive QN is much larger. This is attributed to the integrated effects of depth on snow cover optical properties, energetics, and melt rates. Figure 3 is a flow diagram of the albedo model. A,, A,-, = snowcover albedo on day t and day ( t -1) respectively; DR = .
Albedo model
daily albedo decay (depletion) rate (lld); MT = threshold melt temperature ("C); QN = daily net radiation (MJ/(m2 ad)); TMIN, TMAX = minimum and maximum daily air temperatures ("C); d = depth of snow cover (cm); SF = daily snowfall (cm); and WINTER = a logical variable, which becomes false when A, reduces to a value of 0.17. WINTER is reinstated on any day when TMAX falls below -6°C and QN is less than 1 MJ/(m2 d). The selection of the threshold temperature MT is obtained by the expression in which MT is in "C and Dayno is the Julian day number. Equation [3] is based on the work of McKay (1964) , who found the daily mean temperature above 0°C that produced melt (snow-cover ablation), calculated by the temperature index method, decreased with Dayno. This is attributed to the higher "negative" internal energy content (cold content) of the shallow snow cover during the winter months. A brief description of the algorithm follows (refer to Fig. 3) . Initially, the depth of snow cover is checked and if greater than 25 cm with an albedo > 0.65, the depletion rate is set at 0.0151d (deep snow cover). The presence of new snow is then checked and if accumulation is greater than 0.5 cm, the albedo is increased by the factor 0. ISF. This adjustment was anived at after review of changes on the simulated albedo decay caused by new snowfall. The model questions whether it is WINTER. If no, the albedo is reduced by 0.2-the daily depletion for a late-occumng snow (postmelt); if yes, the albedo of the newly fallen snow is decreased by 0.05 for the first 2 days following the occurrence. This is an average depletion rate for midwinter snows. melt were obtained by trial and error, and they index combinations of the energy flux, i.e., net radiation and convective energy, that produce melt. If any condition is satisfied, melt is assumed to occur and the albedo is reduced by 0.071-the rate for melt. Conversely, if no condition is satisfied, the albedo is assumed to decrease at the premelt rate of 0.006ld.
Results and discussion
Figures 4 and 5 show measured and simulated albedo and measured snowfall, maximum air temperature, and net radiation plotted with time from February l to April 30 for 1974 and 1980 . The data for 1974 (Fig. 4) are for a "deep" snow cover (snow depth approximately 46 cm at the start of melt), whereas those for 1980 (Fig. 5) are for a "shallow" snow cover with an initial depth of about 9 cm. In each year, the measured and simulated albedo-depletion curves are in relatively close agreement. For hydrological investigations, especially when the model is used to calculate maximum snowmelt rates, the critical time during which it must produce good estimates of A is during melt. To demonstrate the ability of the model to calculate daily net radiation, comparisons were made between calculated and measured fluxes for 62 days of melt (see Fig. 7 ). In this analysis "calculated" net radiation (QNc) for the melt period was obtained by the empirical expression suggested by Gray and Landine (1986) :
in which Qo = incident daily global flux, a function of the solar constant, radius vector of the Earth's orbit, sun's zenith distance, slope, atmospheric transmissivity, and sunshine hours, in MJ/m2 and A, = albedo simulated by the model. The mean difference between calculated net radiation (QNc) and measured net radiation (QNM) was 0.49 MJ/m2, with a standard deviation of the differences equal to 2.05 MJ/m2. The offset in the mean difference (0.49 MJ/m2) is primarily due to the results for 1972 when the albedo depletion simulated by the model occurred before the decrease in measured data. If these data are excluded, the mean difference becomes -0.13 MJ/ m2. Also, some of the variance in the differences can probably be attributed to inaccuracies in the measurement of net radiation. During melt the ambient humidity over a snow cover is usually very high and fog, haze, or ice crystals are commonly present, especially at night and in early morning.
The data in Table 3 index the sensitivity of the mean and standard deviation of (QNc -QNM) to different inputs of shortwave radiation and albedo. From these data it is evident that the differences in the statistical parameters of (QNc -QNM) produced by the use of calculated in place of measured shortwave fluxes are small and the use of model estimates of albedo increased the standard deviation by about 0.5 MJ/(m2. d).
Although a standard deviation of 2.05 MJ/(m2 -d)-which is equivalent to the energy required to melt about 6 mm of ice at 0°C-is large, it is impossible to either prove or disprove whether the estimates of net radiation are acceptable for calculating melt and runoff rates in operational systems. A sensi- tivity analysis that would provide this information is beyond the scope of this paper. However, because there is no evidence to suggest that the variance in QNc-values increases with the magnitude of the flux (Fig. 7) , it is assumed that the relative error to a snowmelt calculation caused by an incorrect estimate in net radiation would decrease as melt progresses. Granger (1977) found maximum melt rates for deep, prairie snow covers on stubble to range from 5 to 7 mm/d and Erickson et al. (1978) reported maximum runoff rates in the range of 18 -23 rnmld for patchy snow-cover conditions on fallow.
The major factor limiting the application of the albedo model in practice is the requirement of daily estimates of net radiation. Unfortunately, this parameter is not measured at most network climatological stations and hence it must be estimated by empirical methods. Equation [4] serves this purpose for melt periods and Gray and Landine (1986) have presented expressions for calculating QN during the premelt period from the clear-sky insolation, mean daily air temperature, mean daily vapor pressure, and sunshine hours.
Summary
The paper discusses the development of an albedo model for melting shallow snow covers of open grassland regions. The model is based on point and aerial observations of the atrnospheric radiation field made during the periods 1972 -1985 in the prairie region of western Canada.
The decrease in albedo with time of shallow snow covers not subjected to frequent midwinter melt events may be approximated by three line segments having different slopes and encompassing the periods of premelt, melt, and postmelt. During premelt, albedo decreases slowly at a rate of about 0.006ld; during melt, the depletion rate increases to about 0.071ld as a result of ablation, and following the disap- pearance of the seasonal snow cover in the postmelt period, the albedo is constant at 0.17, except when increased by lateoccurring snows. An algorithm of an albedo model based on these general trends is described. The routine uses daily inputs of net radiation, maximum air temperature, depth of snow cover, and threshold air temperature to determine the start of melt and the change in albedo. Close agreement between "simulated" and "measured" albedo depletion during the period from February Comparison of calculated and measured net radiation for 62 days of melt, Bad Lake, Saskatchewan, 1972 Saskatchewan, -1982 
